By using a high-throughput screening method, a mutant of a uropathogenic Escherichia coli strain affected in the rapA gene was isolated. The mutant formed normal-architecture biofilms but showed decreased penicillin G resistance, although the mutation did not affect planktonic cell resistance. Transcriptome analysis showed that 22 genes were down-regulated in the mutant biofilm. One of these genes was yhcQ, which encodes a putative multidrug resistance pump. Mutants with mutations in this gene also formed biofilms with decreased resistance, although the effect was less pronounced than that of the rapA mutation. Thus, an additional mechanism(s) controlled by a rapA-regulated gene(s) was involved in wild-type biofilm resistance. The search for this mechanism was guided by the fact that another down-regulated gene in rapA biofilms, yeeZ, is suspected to be involved in extra cell wall-related functions. A comparison of the biofilm matrix of the wild-type and rapA strains revealed decreased polysaccharide quantities and coverage in the mutant biofilms. Furthermore, the (fluorescent) functional penicillin G homologue Bocillin FL penetrated the mutant biofilms more readily. The results strongly suggest a dual mechanism for the wild-type biofilm penicillin G resistance, retarded penetration, and effective efflux. The results of studies with an E. coli K-12 strain pointed to the same conclusion. Since efflux and penetration can be general resistance mechanisms, tests were conducted with other antibiotics. The rapA biofilm was also more sensitive to norfloxacin, chloramphenicol, and gentamicin.
Bacterial biofilms are differentiated communities of sessile cells. Infections involving biofilms play a major role in such diverse medical conditions as endocarditis (24) , cystic fibrosis (29) , otitis media (17) , and urinary tract infections (3), presenting a significant threat to human health (12, 16) . Although this sessile mode of growth has long been known, the fact that it constitutes a normal part of the bacterial life cycle has been recognized only relatively recently. The medical importance of biofilms lies in the fact that in comparison to their free-living (planktonic) counterparts, biofilms possess increased resistance to antimicrobial agents (12, 16) , and consequently, diseases in which biofilms have a dominant role tend to be chronic and difficult to eradicate.
The focus of this study was uropathogenic Escherichia coli (UPEC), which is primarily responsible for urinary tract infections. These affect almost 1 billion women each year. UPEC biofilms can form on the epithelium of the bladder and upper urinary tract (28) , as well as intracellularly, evading host defenses (1, 2) and resulting in a disease that is often chronic.
Several genes play a role in biofilm formation (9, 11, 20) , but whether the same genes are involved in the development of biofilm resistance has been relatively little studied. Mah et al. (21) identified nvdB gene mutants whose antibiotic resistance was not affected while they were in the planktonic state; furthermore, these mutants were impaired in their biofilm resistance, even though they formed biofilms of normal architecture. Our query in this study was to determine if other genes like nvdB could be identified that accounted for resistance specifically in a biofilm setting and that did so independently of the biofilm architectural features. A high-throughput screening method led to the isolation of a mutant with a mutation in the rapA gene that promised to provide insights into this query. Our results implicate a dual mechanism for enhanced biofilm resistance. To test the generality of the findings, the studies were also extended to an E. coli K-12 strain.
MATERIALS AND METHODS
Strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . The E. coli strains were maintained in Luria-Bertani (LB) broth. M9 medium supplemented with 0.5% Casamino Acids, 2 mM MgSO 4 , 25 mM NaCl, and 0.002% FeCl 3 (Casamino Acid medium) was used for the flow-cell experiments.
Mutant isolation. Transposon mutagenesis was done by using a temperaturesensitive phage, phage 561, carrying transposon Tn10 (Tc r ), as described previously (31, 36) . Following incubation at 42°C, which prevents bacteriophage replication, transposon insertion mutants were selected on LB-tetracycline plates (15 g/ml). The mutants were screened for the desired phenotype by comparing their growth inhibition by penicillin with that for the wild type by using the high-throughput method of Das et al. (7) . Triplicate wells of microtiter plates were filled with 100-and 200-l volumes of LB, inoculated with individual strains (initial optical density at 600 nm, 0.06), and grown for 24 h (37°C, no shaking). Following removal of the liquid component of the cultures, the wells were filled with 100-and 200-l volumes of LB supplemented with 150 g/ml penicillin G. Twenty-four hours later, bacterial growth was measured with a microtiter plate reader. Das et al. (7) derived an equation correlating the optical densities of the 100-and 200-l cultures which allows the contribution of biofilm growth to be determined.
MICs for planktonic (MIC) and biofilm (MIC adh ) cells (defined as the minimum penicillin G concentration that reduced the growth of the planktonic or the biofilm culture by 50% of that observed for the unexposed control, respectively) were determined by the method of Das et al. (7) by using penicillin G concentrations of 0 to 250 g/ml. The MICs for the UPEC and U1 strains were 50 g/ml each. The MIC adh s for the two strains were 250 and 125 g/ml, respectively. Additional methods for biofilm resistance determination. Three additional methods were used to compare the sensitivities of the wild-type and mutant biofilms to penicillin G and to meet the biofilm biomass need for different experiments: (i) microtiter plate cultivation of biofilms with viability determination by the plate count method, (ii) biofilm cultivation in flow cells followed by staining with BacLight, and (iii) nylon membrane cultivation of biofilms with viability determination by the plate count method. The standard penicillin G treatment regimen was exposure to 350 g/ml of the antibiotic for 1 h; this protocol has the advantage of being rapid.
Microtiter plate well biofilm cultivation and determination of viability by the plate count method have been described previously (31) . The results provided are the averages of at least three independent determinations and are given with error bars of Ϯ1 standard deviation. Cultivation in Plexiglas flow cells was also performed as described previously (31) . After 24 h, the biofilms were exposed to penicillin G (in growth medium with flow) for 1 h; in control biofilms, the flow of the medium (without the antibiotic) was continued during this period. Staining with LIVE/DEAD BacLight (Molecular Probes) was used to determine viability. A total of 200 l of the stain (3 l of a 1:1 mixture of Syto9 and propidium iodide in 1 ml of saline) was injected with the flow medium into each flow cell. When the probe traversed the length of the flow cell, the flow of the medium was stopped for 5 min to permit exposure of the biofilm to the stain before the flow of the medium was restarted (without the stain) to remove unbound probe. The biofilms were visualized by confocal scanning laser microscopy (CSLM), and images were collected by using consistent CSLM settings (e.g., the laser excitation wavelengths were 476 nm and 543 nm and the emission ranges were 490 to 530 nm and 610 to 650 nm for green and red fluorescence, respectively). The fluorescence intensities of the CSLM images were quantified by using NIH ImageJ freeware (http://rsb.info.nih.gov/ij/index.html). The ratio of the integrated signal intensities from the green fluorescence over the total fluorescence (red plus green fluorescence) was calculated and was used to determine the percent survival compared to that for the untreated controls. In order to reduce nonspecific background light in the images, signal intensity values below a predetermined value were excluded by using the threshold function of the ImageJ software. For all enumeration techniques, with any standard deviation greater than 2.5%, P values were calculated to compare strain differences after treatment by the use of Student's two-tailed t test.
For cultivation on nylon membranes, sterile Hybond nylon membranes (1 by 1 cm) were immersed in LB medium or onto LB plates, the medium or plates were inoculated with an overnight culture of UPEC or strain U1 diluted to an optical density at 600 nm of 0.1, and the medium and the plates were incubated at 37°C. After 24 h of incubation, the liquid culture was discarded and replaced with either fresh LB or fresh LB containing penicillin G, followed by a further 1 h of incubation. For CFU determination, the membranes were removed, rinsed with M9 salt solution, and transferred to tubes containing 10 ml of M9 salt solution. 
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The membranes were then vortexed for 2 min to disperse the biofilms, and the resulting cell suspension was serially diluted and plated in quadruplicate on LB agar plates and incubated overnight. ␤-Lactamase assay and PBP profiling. Assays for ␤-lactamase were performed as described previously (35) . A functional fluorescent penicillin derivative (Bocillin FL; Molecular Probes) was used to determine the penicillin binding protein (PBP) profile of the UPEC and U1 strains as described previously (38) . Biofilms grown on the surfaces of deep culture dishes (12 by 6 by 5 cm) were washed once with 100 ml of M9 salt solution and were suspended by scraping the sides of the dishes. The reaction mixture (100 l) for PBP detection contained the membrane preparation (75 l; ca. 300 g protein) and Bocillin FL (33 mg/ml). After incubation in the dark (35°C; 30 min), each reaction mixture (10 l) was run on a 10% polyacrylamide gel before it was scanned (Typhoon 9400 multiformat imager; excitation wavelength, 488 nm; emission wavelength, 530 nm).
Identification of transposon insertion site. To identify the gene interrupted by the Tn10 insertion, genomic DNA from strain U1 was isolated and digested with EcoRI, which cleaves Tn10 close to its 3Ј end, generating a fragment containing the transposon-derived Tc r marker and the bacterial DNA proximal to the insertion site. Genomic EcoRI fragments were used to generate a clone library in pUC18. This library was electroporated into E. coli DH5␣, and clones were selected on 15-g/ml tetracycline plates. The purified plasmid insert was sequenced at the Stanford University Pan Facility and was identified by using the BLAST (NCBI; http://www.ncbi.nlm.nih.gov/BLAST/) and the WU-BLAST 2.0 (TIGR; http://BLAST.wustl.edu/) programs and the sequences in the GenBank (http://www.ncbi.nlm.nih.gov/GenBank/index.html) and TIGR (http://www.tigr .org/) databases.
Examination of biofilm architecture. Biofilms were grown in Plexiglas flow cells (31) . They were visualized by CSLM with BacLight staining. The biofilm architecture parameters (Table 2) were calculated by using the COMSTAT program (18) coupled to the MATLAB (version 7.2) program (MathWorks, Inc., Natick, MA).
Generation of complementation vector and deletion mutants. The transposon in the U1 mutant had inserted into the rapA gene. To generate the complementation vector pBADrapA, the rapA gene was amplified by PCR by using the appropriate primers (Table 1 ). The PCR product was cloned into the arabinoseinducible pBAD24 vector (15) . This was electroporated into strain U1, generating strain U2. The induction of RapA protein was confirmed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. A null rapA mutant was generated by replacing a 1.3-kb PvuII fragment of the gene by the chloramphenicol resistance cassette; the latter was amplified from pACYC184. Linearized pBAD rapAC was electroporated into the wild type, and selection for chloramphenicol resistance and ampicillin sensitivity gave the rapA null mutant (strain U3; Table  1 ). The yhcQ mutant (strain U6) was constructed by the method of Datsenko and Wanner (8) with the specified primers and plasmids (Table 1) .
Western blotting of the RapA protein. Biofilms were grown in deep culture dishes. At the indicated time intervals, 50 ml of planktonic culture from a single dish was harvested, and the remainder was removed by slow vacuum. The biofilms were centrifuged and lysed by using SDS lysis buffer (1% SDS, 20% glycerol, 250 mM Tris-HCl, pH 7.0) and boiling for 5 min. The total protein concentration was determined by the Bio-Rad Dc protein assay, and standardized samples were loaded onto a 12% SDS-polyacrylamide gel. Western blot analysis was performed with a polyclonal RapA antibody as described previously (34) .
Transcriptome analysis. Biofilms were grown for 24 h on Hybond nylon membranes (10 by 10 cm) on LB plates. The biofilms were scraped into 10 ml of Trizol solution (Invitrogen), and the RNA was extracted as described previously (19) . Contaminating DNA was removed by DNase I (Ambion) digestion. The RNA samples were further purified with acid phenol-chloroform-isoamyl alcohol (125:24:1; pH 4.5; Ambion) extraction, precipitated with salt-ethanol, and repurified on QIAGEN RNeasy columns. The RNA was quantified spectrophotometrically, and its integrity was checked by gel electrophoresis. cDNA was generated from RNA (10 g) pooled with internal controls, followed by biotin labeling and processing for microarray analysis. Affymetrix GeneChip E. coli Genome (version 2.0) arrays containing probe sets for the detection of transcripts of UPEC (strain CFT073) were used for transcriptome analysis. Hybridization intensities were quantified by using GeneChip GCOS software (version 1.1.1.052). Background adjustments, scaling, and normalization were performed by using the MAS5 statistical algorithm and spiked-in controls. The data presented are from four independent experiments. The following cutoff values were used to determine changes in expression levels: a P value of Ͻ0.01 and a fold change of Ն1.4. Annotations were taken from Affymetrix library files; if a definitive annotation was not found, an analysis with the BLAST program was performed with all bacterial genomes, and analysis of the Pfam database (4) was run to identify any domains.
Binding of penicillin G to biofilms. Biofilms of each strain were formed for 24 h in 96-well plates as described above. The planktonic culture was removed from 36 wells for each strain, and the biofilms were washed with phosphatebuffered saline (PBS) prior to addition of penicillin solution (200 l containing 8.3 g/ml per well, corresponding to 100 g/ml per 12 wells). This concentration is within the linear range for penicillin determination by the azure C assay (14, 27) . The plates were incubated (room temperature, 1 h) prior to removal and pooling of the supernatants from each set of 12 wells. Biofilms from the same set of 12 wells were scraped into PBS (200 l) and also pooled. The penicillin G concentrations of the supernatant and the biofilm fractions were determined in triplicate by the azure C method by use of a standard curve obtained with 4 to 80 g of penicillin G. The biofilm biomass in the remaining 60 wells of each plate was determined by crystal violet staining, as described previously (23), and was used to normalize the binding capacity.
Exopolysaccharide staining and analysis. Biofilms were cultivated in LB medium in six-well Nunc cell culture plates. The exopolysaccharide coverage of 24-h biofilms was determined by ruthenium red staining (26) . To analyze the exopolysaccharide composition, the biofilms were harvested, weighed, and resuspended in a volume of PBS corresponding to 16 times their weight. The suspension was vigorously stirred (30 min) and centrifuged (40,000 ϫ g; 2 h). The supernatant was filtered through a 0.22-m-pore-size filter before it was dialyzed with a Pierce slide-a-lyzer cassette (molecular weight cutoff, 10,000 Da) against 4 liters of distilled H 2 O (4°C; 36 h; multiple changes of water). The solutions were frozen at Ϫ80°C and lyophilized. The dry weight of the exopolysaccharide was normalized to the protein content of the biomass pellet resulting from ultracentrifugation. The protein content was determined by the Bio-Rad Dc assay. Glycosyl composition analysis was performed with the lyophilized exopolysaccharide by combined gas chromatography/mass spectrometry at the Complex Carbohydrate Research Center (University of Georgia).
Penicillin penetration assay. Red fluorescence protein-expressing UPEC and U1 strains (strains U4 and U5, respectively; Table 1 added to each flow cell. A high concentration was used to allow saturation of the biofilms with the probe, which permitted the differences in penetration to be determined visually by microscopy. The flow of the medium was stopped once the Bocillin FL traversed the flow cell, and incubation was continued (30 min at 37°C). Unbound probe was removed by restarting the flow of the medium for 5 min. The biofilms were visualized by CSLM, and a series of x-y images from the top to the bottom of each biofilm was collected.
RESULTS
Confirmation that mutant U1 is impaired in resistance to penicillin G only in a biofilm setting. Spectrophotometric growth measurements obtained by the screening method of Das et al. (7) showed that strain U1 retains the same planktonic penicillin G MIC (MIC, 50 g/ml) as the wild type but that its biofilm has a decreased MIC adh (MIC adh , 125 g/ml versus 250 g/ml for the wild type). Experiments in shake flask cultures with a range of penicillin G concentrations confirmed that the MIC is 50 g/ml for both strains.
Multiple test regimens were used to compare the resistance of the strain UPEC and U1 biofilms. The first of these involved cultivation in microtiter plates for 24 h, followed by exposure to penicillin G and enumeration of the CFU. The UPEC biofilm lost 35% viability, and the strain U1 biofilm lost 71% viability (Fig. 1) . Untreated control biofilms of the two strains remained fully viable for 24 h, the duration for which the viability tests were conducted. Thus, the greater loss of viability of the U1 biofilm upon penicillin G treatment was not due to its inherent instability.
In the second method, biofilms were cultivated on Casamino Acids (rather than LB medium) in Plexiglas flow cells (31) with continuous medium flow and were then treated with penicillin G. Viability was determined by staining with LIVE/DEAD BacLight, which stains viable cells green and dead ones red. As can be seen in Fig. 2A , the UPEC biofilm cells were predominantly green, while those of U1 were red, and the untreated controls of both biofilms were green. Quantification of red and green fluorescence (ImageJ software; NIH freeware) further confirmed the greater loss of viability of the strain U1 biofilms compared to that of the UPEC biofilms (Fig. 2B) . Again, it is evident that the greater sensitivity of U1 is not due to the inherent instability of its biofilms.
The third method of biofilm cultivation used nylon membranes. Penicillin G treatment of these UPEC biofilms generated no loss of viability but killed 30% of the strain U1 biofilms, a difference which was significant (P Ͻ 0.05). Although the results differed somewhat quantitatively, taken together, they confirm the greater sensitivity of the U1 biofilm to penicillin G and show that its sensitivity is independent of the cultivation regimen used.
The biofilms of neither strain possessed ␤-lactamase activity, nor did they exhibit any differences in their PBP profiles (data not shown), eliminating these factors as causes for their different sensitivities. Architecturally as well, the two flow cell 
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rapA CONFERS ANTIBIOTIC RESISTANCE TO E. COLI BIOFILMS 3653 biofilms were very similar, having the typical mushroomshaped structure (Fig. 3) . Analysis with the COMSTAT program indicated other similarities in this respect, although the wild-type biofilm seemed to have a somewhat greater thickness and a decreased surface-to-volume ratio (Table 2) . U1 is mutated in the rapA gene. We determined that the transposon in strain U1 inserted next to nucleotide 655 of the rapA gene. That this generated a loss of a functional nonpolar mutation in this gene is indicated by the following findings: (i) planktonic cultures of U1 exhibited growth inhibition by 0.5 M NaCl, as has been previously reported for a rapA E. coli deletion mutant (33); (ii) U1 planktonic cells containing the arabinose-inducible pBADrapA vector (strain U2; Table 1) showed NaCl growth inhibition, but not when rapA expression was induced by 0.2% arabinose; and (iii) a rapA null mutation constructed in the parent strain (strain U3; Table 1 ) exhibited a phenotype identical to that of U1 with respect to NaCl and penicillin G sensitivity (data not shown).
To test whether the effect of the rapA mutation on biofilm sensitivity was confined to the uropathogenic strain of E. coli, we examined the effect of this mutation in another E. coli strain background (a K-12 strain from the Keio Collection; Table 1 ). This strain and its isogenic rapA deletion mutant (strain M1) were cultivated in Plexiglas flow cells. BacLight staining revealed that the rapA deletion also rendered the biofilm of this strain more sensitive to penicillin G: fluorescence quantification of the images obtained showed 22 and 71% killing of the wild-type and mutant strains, respectively (Fig. 4) . Microtiter plate-cultivated biofilms and CFU determination after the antibiotic treatment gave similar results (data not shown).
The RapA protein is detected in biofilm cells but not in corresponding planktonic cells. Western blot analysis showed the presence of the RapA protein at various times (8 to 24 h) in UPEC biofilms but not in biofilm-associated planktonic cells (Fig. 5A) . As a control, planktonic cells grown in shake flasks were also analyzed. These contained the protein in early exponential phase (2 and 4 h) but not in later growth stages (Fig.  5B) . This is consistent with previous findings (5) .
Transcriptome analysis. RapA is a homologue of the SWI/ SNF superfamily of helicase-like proteins (25, 34) , and its role in biofilm resistance was not obvious a priori. Transcriptome analysis was therefore carried out and showed the down-regulation of 22 genes in strain U1 biofilms compared to the gene regulation in UPEC biofilms ( Table 3) . One of these, the yhcQ gene, encodes a putative multidrug resistance (MDR) pump (22) . We therefore compared the penicillin G resistance of the biofilm of a yhcQ deletion mutant (strain U6; Table 1 ) with those of strain U1 and UPEC in parallel experiments, using microtiter plate wells and CFU measurements. The U6, U1, and UPEC biofilms exhibited 55% Ϯ 2.6%, 71% Ϯ 2.9%, and 35% Ϯ 3.8% killing, respectively, indicating that the loss of the yhcQ gene increases the penicillin G sensitivity of the biofilm but not as much as that of the rapA gene. We also examined the effect of yhcQ mutation in the E. coli K-12 background (strain M2; Table 1 ). Again, the mutant showed increased penicillin G sensitivity (31% killing, as determined by the quantification of BacLight images), but less than that of the mutant with the rapA mutation (Fig. 4) . Flow cell-grown biofilms and BacLight staining gave similar results for both strains U6 and M2 (data not shown). Data for all probe sets are available in Table S1 in the supplemental material.
Role of reduced polysaccharide coverage of rapA biofilms. Since rapA mutant biofilms are more sensitive than yhcQ mutant biofilms, a factor(s) in addition to the YhcQ MDR pump controlled by the rapA gene evidently contributes to the wildtype biofilm resistance. The yeeZ gene, putatively concerned with extra-cell wall functions, is also down-regulated in the U1 biofilms (Table 3) , and this led us to investigate the matrixrelated properties of the two biofilms. The strain U1 biofilms retained twice as much penicillin G as the wild type (Fig. 6 ). Ruthenium red staining, which specifically stains exopolysaccharide (26) , showed that the rapA biofilm stained less intensely than the wild-type biofilm, suggesting reduced exopolysaccharide coverage (Fig. 7) . The results of a direct assay were consistent with this finding: while the wild-type biofilm possessed 0.232 Ϯ 0.018 mg polysaccharide per mg of cell protein, the rapA mutant biofilm possessed 0.164 Ϯ 0.017 mg polysaccharide per mg of cell protein. However, the exopolysaccharides of both strains contained similar concentrations of individual sugars (glucose, galactose, rhamnose, mannose, N-acetylfucosamine, N-acetylgalactosamine, N-acetylglucosamine, and xylose) (data not shown). Did this difference in polysaccharide content affect penicillin G penetration? To answer this question, the green fluorescent functional homologue of penicillin G, Bocillin FL, and UPEC and U1 strains constitutively expressing red fluorescent protein (strains U4 and U5; Table 1 ) were used to permit visualization by CSLM. Bocillin FL penetrated the biofilms of U1 grown in a flow cell for 24 h more rapidly than the biofilms of UPEC. While in both strains the upper biofilm layers were fully green, in the deeper layers only the U1 biofilms showed this fluorescence (Fig. 8) . A video generated from over 100 x-y images taken at 1-m intervals from the upper to the lower biofilm regions further supports these results (see Video S1 in the supplemental material).
Multidrug susceptibility of U1 biofilms. As MDR pumps, and possibly also the matrix barrier, can confer resistance to multiple drugs, we also compared the sensitivities of the biofilms of the two strains to additional antibiotics. As shown in Fig. 9 , the strain U1 biofilm was also more sensitive to norfloxacin; it was found to be some 40% more sensitive to chloramphenicol and gentamicin as well. 
DISCUSSION
A major aim of this study was to identify biofilm features independent of their architecture that account for enhanced resistance. Several cultivation and viability determination methods clearly established that the rapA mutation decreased the penicillin G resistance of E. coli UPEC and K-12 strain biofilms. The cultivation substrata included microtiter plate wells, flow cells, and nylon membranes; and the viability determination methods included spectrophotometry, CFU counts, and BacLight staining. This impairment occurred only in the biofilm setting and did not affect the biofilm architecture, as judged by the evaluation of standard parameters (18) . Thus, the rapA mutation promised to provide insights into the basic query of this study. A previous example of such a gene is nvdB, whose absence in Pseudomonas aeruginosa rendered the biofilms much less resistant to several antibiotics, while its absence did not affect planktonic cell resistance or the biofilm architecture (21) .
RapA is a homologue of the SWI/SNF superfamily of helicase-like proteins which has been implicated in chromatin remodeling in eukaryotic cells (25, 34) . In bacteria, it has never before been implicated in antibiotic resistance. We found that the rapA gene exerted its effect by altering gene regulation in the biofilms, which resulted in lower levels of expression of 22 genes. Of these, one gene was definitively implicated in biofilm resistance, namely, yhcQ: deletion of this gene decreased the biofilm penicillin G resistance of both the E. coli strains. YhcQ is a putative MDR pump (22) , and this is clearly a mechanism by which the wild-type E. coli biofilms increase their resistance. It is noteworthy that this pump is also present in the rapA mutant biofilms, but at lower levels, indicating that it is the rapA-mediated increase in its levels that is the critical factor in enhancing biofilm resistance. This role is likely to be specific to the biofilm mode of growth, since the effect of the rapA mutation on resistance is confined to this mode. This is reminiscent of the biofilm-specific role of the MexCD-OprJ pump in the increased resistance of P. aeruginosa biofilms to azithromycin (13) , with the difference that the MexCD-OprJ pump is uniquely synthesized in the biofilm setting, while the gene expression levels are altered in the case of the YhcQ pump.
The rapA mutation affected biofilm resistance to a greater extent than the yhcQ mutation, indicating that an additional mechanism(s) controlled by a rapA-regulated gene also has a role in wild-type biofilm resistance. A potential clue to this mechanism was provided by the fact that the yeeZ gene is down-regulated in rapA mutant biofilms. As the putative role of this gene suggests a relationship with extra-cell wall functions (6), the effects of the rapA mutation on matrix-related aspects were compared. The mutant biofilm did indeed exhibit reduced matrix quantity and coverage and showed an expedited penetration of the penicillin G functional homologue, Bocillin FL. This evidence suggests that the wild-type biofilm matrix retards antibiotic penetration and may thus be an additional mechanism of biofilm resistance. While definitive evidence for this involvement remains to be obtained, there are precedents for the role of the matrix in biofilm resistance. For example, the slime of certain staphylococcal strains impedes vancomycin and teicoplanin penetration (30) , and Suci et al. (32) showed that the diffusion of ciprofloxacin through P. aeruginosa biofilms is reduced. As was noted above, P. aeruginosa biofilms also rely on an MDR pump for increased resistance (13) , and taken together with the findings of Suci et al. (32) , they thus evidently use a dual resistance mechanism involving reduced penetration and active drug efflux (10, 13, 37) . Given that we clearly show retarded antibiotic penetration in the wild-type E. coli biofilm, as well as the involvement of the YhcQ pump, it is highly likely that the resistance of the wild-type E. coli biofilm also involves a similar dual resistance mechanism. While one of these mechanisms, namely, the YhcQ pump, most likely has no role in biofilm formation or its structural features, the other mechanism that impaired rapA mutant biofilm resistance is a defective matrix, which is an architectural feature. Consequently, even though the biofilms of strains UPEC and U1 were architecturally similar, as judged by standard gross appearance parameters, it is clear that this did not preclude changes in architectural properties, indicating that gross appearance is not a sufficient criterion for gauging architectural differences.
Both of the mechanisms of resistance controlled by the rapA gene in UPEC biofilms described above can theoretically affect multiple antimicrobials, and indeed, the strain U1 biofilm exhibited greater sensitivity to norfloxacin, chloramphenicol, and gentamicin, which kill bacteria by mechanisms different from that used by penicillin G.
